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Previous studies of parthenogenetic embryos revealed severe perturbations of both embryonic and extraembryonic tissue
lineages during postimplantation development. The majority of pure parthenogenetic concepti have no recognizable axis
and exhibit preferential terminal differentiation of their trophectoderm and primitive endoderm. To further de®ne the
role of the extraembryonic lineages in parthenogenetic development, we provided them with zygote-derived extraembry-
onic tissues by aggregating them with fertilized tetraploid embryos. On Day 12 of combined in vitro and in vivo develop-
ment, most of the embryos proper in these chimeras were entirely derived parthenogenetically, whereas their trophecto-
derm and primitive endoderm tissues were derived from the tetraploid component. No Igf2 expression was detected in
the parthenogenetic embryo proper, indicating that imprinting was manifested in such chimeras. Typical development
of the parthenogenetic embryo proper was markedly improved in comparison with pure parthenogenetic concepti, with
such chimeras attaining an average of 23 somites (range, 10 to 35). However, most of the chimeras died abruptly at Day
13, and all were being resorbed at Day 14 of development. The gross normality of axial structures and organ development
suggests that a major cause of failure of these chimeric parthenogenones to survive beyond mid-gestation was due to
defective chorioallantoic fusion. Our results indicate that the severe perturbation of axial development seen in most
pure parthenogenetic concepti is a secondary consequence of the effects of parthenogenesis on the trophectoderm and
primitive endoderm lineages. Moreover, the mid-gestation death of parthenogenetic embryos proper despite the presence
of zygote-derived tetraploid tissues implicates extraembryonic mesoderm in manifesting the effects of genomic im-
printing. q 1996 Academic Press, Inc.
INTRODUCTION genes required for normal development (reviewed by De-
Groot and Hochberg, 1993; Pedersen et al., 1993; Bartolo-
mei, 1994; Gold and Pedersen, 1994). Fertilized embryosNormal prenatal development of mammalian embryos
appear to have hemizygous expression of these genes, tran-requires both maternal and paternal genetic contributions,
scribing only the maternal or paternal allele. Consequently,owing to the effects of genomic imprinting (Barton et al.,
parthenogenetic and androgenetic phenotypes should re-1984; McGrath and Solter, 1984; Surani et al., 1987). This
¯ect the null expression or overexpression of imprintedfunctional specialization of egg and sperm nuclei is thought
genes.to occur during gametogenesis (Surani et al., 1984). It has
Thus, analyzing the development of parthenogenetic em-been suggested that maternally inherited alleles are
bryos is one approach for studying genomic imprinting. Theuniquely responsible for the development of the fetus,
contribution of parthenogenetic cells to the prenatal andwhereas paternally inherited alleles are responsible for the
postnatal development of mouse embryos has been studieddevelopment of extraembryonic tissues (Barton et al., 1984).
extensively in chimeras between parthenogenetic embryosImprinting seems to affect the transcription of a subset of
and diploid fertilized embryos (Anderegg and Markert, 1986;
Nagy et al., 1987, 1989; Surani et al., 1987, 1988; Fundele
et al., 1989). In these studies parthenogenetic cells partici-1 Present address: The Children's Medical Research Institute, 214
Hawkesbury Road, Westmead NSW 2145, Australia. pated in normal development of various organs. However,
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even though there was an extensive contribution of parthe- tained (K. S. Sturm, unpublished data). Gpi-1a/a females
were mated with Gpi-1a/a males to obtain Gpi-1a/a embryos,nogenetic cells at mid-gestation, there was subsequent se-
lection against parthenogenetic cells (Nagy et al., 1987; Fun- and wild-type CD-1 females were mated with heterozygous
Tg-143 males to obtain Tg-143 embryos; from this matingdele et al., 1989, 1990). This was particularly notable in the
trophectoderm and primitive endoderm lineages, where the 50% of the embryos can be expected to be heterozygous Tg-
143. All mice were kept on a cycle of 14 hr light (6:00 AM±parthenogenetic cell contribution was eliminated early in
postimplantation development (Clarke et al., 1988; Thom- 8:00 PM) and 10 hr dark. Females (5 to 10 weeks old) of all
strains (except CD-1 females mated naturally with vasecto-son and Solter, 1988). Furthermore, with larger parthenoge-
netic cell contributions the postnatal chimeras grew more mized CD-1 males and used as recipients for embryo trans-
fer) were superovulated by intraperitoneal injection of 5 IUslowly (Paldi et al., 1989). Therefore, it is apparent that
parthenogenetic cells are developmentally disadvantaged pregnant mare's serum gonadotropin (Teikoku Hormone
Mfg. Co., Tokyo, Japan; Equitech, San Antonio, TX), fol-cells.
However, the results of such studies do not rule out the lowed 45 to 48 hr later by 5 IU of human chorionic gonado-
tropin (hCG, Serono Laboratories, Inc., Randolph, MA) in-possibility that the severely reduced or abnormal extraem-
bryonic tissues of parthenogenetic embryos were causing jected at 1:00 PM±2:30 PM. Each female was paired with a
male of the same strain (unless otherwise noted) immedi-nutritional de®ciencies that indirectly perturbed develop-
ment of the embryo proper (Varmuza et al., 1993; Sturm et ately after the injection of hCG, and the presence of a copu-
latory plug the following morning veri®ed a successful mat-al., 1994). In the present study, we therefore examined the
role of extraembryonic lineages in the development of par- ing (day of plug  Day 1 of development).
thenogenetic embryos by aggregating them with tetraploid
(4n) fertilized embryos, which are known to give a preferen- Embryo Culture
tial contribution to extraembryonic lineages when com- One-cell Gpi-1a/a embryos still in cumulus masses were
bined with diploid cells (Tarkowski et al., 1977; Nagy et incubated for 3 to 4 min in a 0.1% solution of hyaluronidase
al., 1990, 1993; Allen et al., 1994; Guillemot et al., 1994; (Sigma Chemical Co., St. Louis, MO) in Ca2/- and Mg2/-
James et al., 1995). These chimeras allowed us to examine free phosphate-buffered saline (PBS) containing 1% polyvi-
in greater detail the role of the extraembryonic tissues in nylpyrrolidone, and cumulus cells were washed off in FM-
parthenogenetic embryo development and the imprinting- I (Spindle, 1990). Tg-143 embryos were recovered from the
induced defects of parthenogenones. oviducts on Day 2 at the 2-cell stage, because these embryos
did not develop well in culture from the 1-cell stage. All 1-
and 2-cell embryos were cultured in TE medium (Spindle,
MATERIALS AND METHODS 1990). For 1-cell embryo culture, 40 mM EDTA (Sigma) was
added (Abramczuk et al., 1977) to TE medium. Fertilized
control embryos from B6CBAF1 1 B6CBAF1 matings wereAnimals
explanted on the day of plug approximately 20 hr after hCG
Oocytes for parthenogenetic activation were obtained injection.
from B6CBAF1 from Jackson Laboratory (Bar Harbor, ME).
For the production of tetraploids, 1- or 2-cell embryos were Ethanol Activation of Oocytes and Culture
obtained from two lines of CD-1 mice (originally from of Parthenogenones
Charles River Laboratories, Wilmington, MA): One of these
Oocytes were removed from oviducts of superovulatedlines was selected for homozygosity of the glucose
(but not mated) B6CBAF1 females 19 hr after hCG injection,phosphate isomerase (GPI) isozyme, GPI-1A (genotype, Gpi-
freed from cumulus masses by a brief incubation in hyal-1a/a), and the other was transgenic line KS35-143 (Tg-143)
uronidase solution, washed in FM-I, and activated by thegenerated in this laboratory (K. S. Sturm, unpublished obser-
ethanol technique described by Cuthbertson (1983). Oo-vations). Both Gpi-1a/a and Tg-143 mice were screened and
cytes were incubated at ambient temperature in TE mediumraised in our facilities. Tg-143 was derived by pronuclear
containing 6.65% ethanol for 4.5 min. They were theninjection of 1-cell embryos from CD-1 mice with an 8.2-kb
washed in FM-I and incubated in TE medium containing 5XbaI±KpnI fragment containing the coding region of the
mg/ml cytochalasin D (Sigma) for 5 hr at 377C to suppressEscherichia coli lacZ under the control of the human b-
second polar body formation. They were washed again inactin promoter and 3* untranslated regions (K. S. Sturm,
FM-I and cultured in TE medium containing 40 mM EDTA.unpublished data). Two to ®ve copies of the transgene were
Stock solution of cytochalasin D in dimethyl sulfoxide (1integrated at a single locus. The b-galactosidase transgene
mg/ml) was stored at 0207C in small aliquots.was expressed ef®ciently in all embryonic lineages of Tg-
143 embryos, as well as in yolk sac mesoderm; low or no
Production of Tetraploid Embryosexpression was found in trophoblast lineages. Most tissues
of heterozygous adult mice still expressed the transgene, Blastomeres of 2-cell embryos were fused by the electrofu-
sion technique of Kono and Tsunoda (1988), using 500 kHzalbeit at different levels. No homozygous mice were ob-
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alternating current (5 V/mm) to orient the plane of fusion diments were scored as Class I embryos (Sturm et al., 1994),
and those embryos lacking axial organization or recogniz-parallel with the electrodes, then two pulses (100 msec each)
of direct current (1500 V/cm) 1 sec apart to fuse the mem- able organ rudiments were scored as Class I. The differ-
ence between the two classes was very clear: Most Class Ibranes. Embryos were removed from the fusion chamber
immediately, washed in FM-I, and cultured in TE medium. embryos were well formed and appeared normal, whereas
Class I embryos consisted of unorganized, small pieces ofOne to two hours later fused embryos were transferred to
fresh medium. Two-cell embryos whose blastomeres were embryonic tissues. Yolk sacs devoid of embryos proper were
scored as empty yolk sacs. The remaining decidua werefused by this technique are expected to give rise to uni-
formly tetraploid embryos (James et al., 1992). empty without recognizable embryonic or extraembryonic
tissues.
Aggregation Chimeras
Dissection of Yolk Sacs into Germ LayersThe following combinations of chimeras and aggregates
were made: P } P, 4nP } 4nP, P } 4n, 4n } 4n, F } F, F } Germ layers of chimeric yolk sacs were separated by the
method of Svajger and Levak-Svajger (1975). Brie¯y, yolk4n, F } 4nP (where P is diploid parthenogenetic embryo, 4nP
is tetraploid parthenogenetic embryo, 4n is zygote-derived sacs were placed in trypsin±pancreatin solution [0.5% tryp-
sin (Sigma) and 2.5% pancreatin (Sigma) in Ca2/-, Mg2/-,tetraploid embryo, and F is fertilized diploid embryo). All
embryos were aggregated at the 4- to 8-cell stage (or at an and bovine serum albumin-free FM-I] and incubated at 47C
for approximately 20 min. Embryos were then washed threeequivalent stage) after the removal of the zona pellucida by
brief exposure to Tyrode's solution acidi®ed with HCl (pH times in FM-II with serum. Germ layers were separated for
the GPI assay by using glass needles.2.5; Nicolson et al., 1975). Chimeras were made either by
the method of Mintz et al. (1973) or by the method of Nagy
et al. (1989). Because the preimplantation development of
Glucose Phosphate Isomerase Assaychimeras was not in¯uenced by the aggregation method
used, the data were pooled. For analysis of GPI composition, individual chimeric con-
cepti were separated into yolk sac, placenta, and embryo
proper. The tissues were washed with Ca2/- and Mg2/-free
Embryo Transfer and Dissection PBS and then either stored at 0207C or assayed immedi-
ately. For assay, the tissues were suspended in water andApproximately 48 hr after embryos were aggregated, 8 to
10 (in a few cases up to 14) chimeras, aggregates, or single then frozen and thawed four to ®ve times. GPI-1 isoforms
were separated and the enzyme activity was detected by theembryos, most of which were at the blastocyst stage, were
transferred to each uterine horn of CD-1 females on Day 3 technique described by Eppig et al. (1978). Standard staining
was performed at ambient temperature in the dark until theor Day 4 of pseudopregnancy. The day of embryo transfer
(Day 5 of culture) was considered to be Day 5 of develop- best signal-to-noise ratio was achieved, and then stained
plates were photographed with Polaroid type 55 ®lm. Thement. Seven to 11 days later on Days 12 to 16 of develop-
ment, recipient mice were killed by cervical dislocation, relative activity of GPI-1A and 1B isoforms was evaluated
by comparison with mixtures of known composition.and uteri were dissected out. Decidua were then removed
from uterine muscle, and the number of decidua was deter-
mined. Embryos were then removed carefully from decidua
b-Galactosidase Assayin FM-II (Spindle, 1980) and classi®ed according to their
gross morphology (see below). Whenever possible, the so- The expression of lacZ in Tg-143 embryos was localized
by a modi®cation of the method described by Sanes et al.mites were also counted. Embryos developing from P }
4nGpi-1a/a chimeras were subsequently subjected to the GPI (1986). Embryos were ®xed in 0.2% glutaraldehyde (in 0.1
M phosphate buffer, pH 7.3) for 5 min at 47C, washed in 0.1assay. Embryos developing from P } 4nTg-143 chimeras
were ®xed in 0.2% glutaraldehyde in PBS and stained for M phosphate buffer containing 0.05% bovine serum albu-
min, and incubated at 377C for 48 hr in fresh staining solu-LacZ activity.
tion containing 1 mg/ml 5-bromo-4-chloro-3-indolyl b-D-
galactoside (X-Gal), 5 mM potassium ferricyanide, 5 mM
Morphological Analysis of Postimplantation potassium ferrocyanide, and 2 mM MgCl2. Embryos wereEmbryos then examined for gross morphology and localization of
staining, photographed, dehydrated, and embedded in Po-Embryos dissected out of decidua were examined under
a dissecting microscope, and embryos proper (i.e., that por- laron glycol methacrylate embedding medium (Bio-Rad,
Richmond, CA). Sections were cut at 5 mm, stained withtion of the conceptus containing the axial structures and
embryonic organs and destined to form the fetus) were clas- hematoxylin (Sigma) and eosin/phloxine B solution, and
scored for staining and morphology. Eosin/phloxine B solu-si®ed into Class I and Class I. Embryos having anterior±
posterior and dorsoventral axes with recognizable organ ru- tion was made by dissolving eosin (J. Baker) and phloxine
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B (Sigma) in distilled water at ®nal concentrations of 0.3 by doubling 4n embryos in chimeras [P } 4n (1:2)] (Table 2).
The most striking difference between the implantation of pureand 5%, respectively.
parthenogenetic embryos (Table 1) and that of P} 4n chimeras
on the 12th day of development (4 days in culture and 7 days
In Situ Hybridization in utero) was the high percentage of P } 4n decidua containing
Class I embryos with normal or nearly normal gross morphol-Sense and antisense constructs speci®c for insulin-like
ogy (Fig. 1B). However, embryos proper in chimeric conceptigrowth factor (IGF)-II were the kind gifts of M. M. Rechler
on Day 12 of development were generally smaller and their(National Institute of Diabetes and Digestive and Kidney
caudal development appeared to be stunted (Fig. 1B) in com-Diseases, National Institutes of Health). The methods for
parison to fertilized embryos proper (Fig. 1A). Most Class Igenerating digoxigenin-labeled RNA probes, quantifying la-
embryos from chimeric concepti had beating hearts, but bloodbeled mRNAs, and in situ hybridization were those de-
circulation in their yolk sacs was less common and whenscribed by Burdsal et al. (1993), except that whole embryos
present was weaker than that of fertilized concepti. Somitewere incubated in 4% paraformaldehyde overnight. Em-
numbers of embryos in P } 4n concepti (mean { SE, 22.8 {bryos proper developing in P } 4nGpi-1a/a (1:1) and fertilized
2.8) were signi®cantly lower (P  0.01, Student's t test) thanembryos from B6CBAF1 1 B6CBAF1 mating were assayed
those in fertilized concepti (mean { SE, 30.8 { 0.7) (Fig. 2).by in situ hybridization on Day 9 of development.
We also studied the histology of the chimeras. Signi®cantly,
we observed a failure of parthenogenetic concepti to establish
a normal chorioallantoic placenta. Some formed balloon-likeRESULTS
allantoic structures protruding from near the caudal end of
the embryos (Figs. 3A and 3B). Of 38 mid-gestation chimeras
Postimplantation Development of Parthenogenones from the P } 4nTg-143 series, 18 were scored in section for
(P, P } P, and 4nP } 4nP) allantoic development. Of these, 7 were swollen to varying
degrees, ranging from an abnormally swollen allantois with aSingle parthenogenetic embryos implanted poorly, and
minimal connection to the chorion to a bulbous structurenone developed into Class I (axially developed) embryos
that did not have any connection to the chorion. Such struc-(Table 1). (For details on classi®cation of embryos, see Mate-
tures were not observed in stage-matched F } 4n Tg-143 con-rials and Methods.) Doubling of parthenogenetic embryos
trols (Fig. 3D). In these abnormal cases, the increased cavita-by aggregation improved their ability to induce decidualiza-
tion within the allantois seemed to be associated with its abor-tion, but only 1 of the 51 decidua contained a Class I em-
tive extension and defective fusion with the chorion. Three ofbryo. This embryo had a beating heart but was underdevel-
these 7 formed a weak and belated connection to the chorion,oped and grossly abnormal. Tetraploid (4n) parthenogenetic
but progression to normal labyrinthine placental tissue was notembryos were generated by blastomere fusion at the 2-cell
achieved. In such cases, the clefts and sinuses of the labyrinthstage (see Materials and Methods). Doublets of 4n partheno-
were irregularly formed, and their normal, repetitive patterngenetic embryos implanted with an ef®ciency similar to
was absent. In the remaining 11 P } 4n chimeras, swelling ofthat of doublets of diploid parthenogenetic embryos, but
the allantois was not observed, and there was either no fusionformed no Class I embryos.
(1 case) or minimal to moderate fusion (10 cases) with the
chorion. Even in these cases, however, there was abnormal
labyrinthine development, as described above. In addition, itPostimplantation Development of Chimeras of
was apparent from histological analysis that trophoblast cellsParthenogenetic and Tetraploid Embryos (P } 4n)
and their derivatives were more abundant in P } 4n concepti
Zygote-derived 4n embryos were also generated by blasto- than in concepti of P or P } P origin (Fig. 3C). In addition, the
mere fusion for use in aggregation chimeras. P } 4n (1:1) chi- heart of P } 4n embryos had a thinner myocardial layer than
meras implanted ef®ciently, and this ef®ciency was increased normal embryos (Figs. 3E and 3F).
Embryos proper in P } 4n chimeras ceased to grow beyond
Day 12 of development (Table 2). In some recipient mice
the embryos proper appeared to be intact on Day 13, but in
TABLE 1 others the process of resorption had already begun. On Day
Postimplantation Development of Parthenogenetic Embryos 14 of development all the embryos proper were resorbing,
and Their Aggregates (Day 12) but 4 of them were still recognizable as Class I embryos.
On Days 15 and 16 of development some decidua were stillEmbryos Class I Class I Empty
recognizable, but no embryos proper could be recovered.Combination transferred Decidua embryos embryos yolk sacs
P 88 23 0 12 0 Relative Contribution of Parthenogenetic and
P } P 96 51* 1 25 0 Tetraploid Embryos to Chimeras
4nP } 4nP 77 39* 0 16 0
P } 4nGpi-1a/a chimeras. Most embryos proper examined
* Signi®cantly different from P (P £ 0.001, x2 test). by GPI isozyme analysis on Day 12 of development were
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TABLE 2
Postimplantation Development of P } 4n Chimeras (Days 12 ±16)
Day of Embryos Class I Class I Empty
development Combination transferred Decidua embryos embryos yolk sacs
12 P } 4nGpi-1a/a(1:1) 126 55 24 4 7
P } 4nGpi-1a/a(1:2) 27 23* 9 1 1
P } 4nTg-143 (1:1) 143 61 23 16 17
P } 4nTg-143 (1:2) 66 39** 17 7 4
13 P } 4nGpi-1a/a(1:1) 29 19 8a 3 0
P } 4nTg-143 (1:2) 38 19 5a 5 6
14 P } 4nGpi-1a/a(1:1) 19 15 0 0 0
P } 4nTg-143 (1:1) 30 19 4a 3 6
15 P } 4nTg-143 (1:1) 10 8 0 0 0
P } 4nTg-143 (1:2) 12 3 0 0 0
16 P } 4nGpi-1a/a(1:1) 54 39 0 0 0
* Signi®cantly different from P } 4nGpi-1a/a(1:1) (P £ 0.001, x2 test).
** Signi®cantly different from P } 4nTg-143 (1:1) (P £ 0.05, x2 test).
a Dying [(P } 4nGpi-1a/a(1:1)] or dead embryos.
either entirely derived from parthenogenetic embryos (59%) P } 4nTg-143 chimeras. Males heterozygous for a b-
actin/LacZ transgene (Tg-143) were mated with wild-typeor predominantly derived from parthenogenetic embryos (18%
of the embryos proper had a 70 to 90% parthenogenetic em- CD-1 females; 50% of their offspring were thus expected
to be positive for b-galactosidase activity. Diploid LacZ-bryo contribution), whereas 63% of yolk sac samples had both
parthenogenetic and 4n embryo contributions (Fig. 4). In con- negative and -positive littermates from this mating are
shown in Fig. 1C. As before, transgenic 4n (4nTg-143)trast, placental samples consisted almost entirely of 4n-de-
rived cells; all but 1 of 10 samples tested were negative for were made for use in chimeras with parthenogenetic em-
bryos. Approximately one-half of the concepti from P }parthenogenetic embryo contribution, and the positive sample
showed10% parthenogenetic embryo contribution (data not 4nTg-143 (1:1) showed LacZ activity in their yolk sac,
although fewer P } 4nTg143 (1:2) chimeras had yolk sacshown). All embryos proper developing in chimeras with par-
thenogenetic embryo contribution were well formed, with ex- transgene expression. Only 1 of 31 P } 4nTg-143 embryos
proper contained LacZ-positive cells, again showing thattensive axial development (brain and somites) and apparently
normal organ rudiment formation. only a small minority of embryos proper in P } 4n con-
cepti were 4n-derived. When chimeric concepti devel-Four embryos proper [18% of those developing in P }
4nGpi-1a/a (1:1)] and their corresponding yolk sac samples oping from P } 4nTg-143 (1:1 and 1:2) were examined on
Day 12 of development in whole mounts, only 2 of 42lacked GPI-1B, the parthenogenetic embryo component. Ap-
parently, parthenogenetic embryos did not survive in these placental samples contained LacZ-positive (4n-derived)
cells. This was not unexpected, because in pure LacZ-chimeras. This could be due to the poor preimplantation de-
velopment of parthenogenetic embryos in culture during the positive concepti, the transgene is not expressed ef®-
ciently in the trophoblast lineage of Tg-143 embryos (K. S.early phase of this study, when the GPI assays were performed.
Nevertheless, from these results we estimate that only a mi- Sturm, unpublished observation). A chimeric conceptus
with a LacZ-positive yolk sac and a weakly LacZ-positivenority of the Class I embryos developing in P } 4nGpi-1a/a
chimeras were derived from 4n embryos. placenta is shown in Fig. 1D. In P } 4nTg-143 (1:2) chime-
ras LacZ-positive cells were absent in placental samples.In a small experimental series (n  3), yolk sacs were sepa-
rated into endoderm and mesoderm, and the GPI assay was Fig. 1E shows a typical conceptus developing from a P }
4nTg-143 chimera with LacZ-negative embryo proper andperformed on each tissue to estimate the relative contribution
from parthenogenetic and 4n embryos. The fraction of GPI-1 extraembryonic tissues containing LacZ-positive cells.
activity derived from parthenogenones (GPI-1B isozyme) was
an average of 36% for yolk sac endoderm and 70% for yolk
Postimplantation Development of Tetraploidsac mesoderm, showing that primitive endoderm was derived
Control Embryos (4n and 4n } 4n)primarily, but not exclusively, from 4n embryos, and, con-
versely, that extraembryonic mesoderm was derived primarily To determine the ability of pure 4n embryos to contribute
to the embryonic proper, we transferred 4n embryos (bothfrom the parthenogenone, at least in these three yolk sacs
analyzed. singles and doublets) to pseudopregnant mice. Single 4n
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FIG. 1. Development of parthenogenetic } tetraploid embryo chimeras. (A) Fertilized embryos from B6CBAF1 1 B6CBAF1 mating, on
Day 12 of development (cultured for 4 days from the 1-cell stage, transferred to the uterus of a pseudopregnant recipient, and developed
in utero for 7 days). (B) Parthenogenetic B6CBAF1 embryo developing in a P } 4nGpi-1a/a chimera explanted on Day 12 of development.
(C) LacZ-positive Tg-143 embryo and its LacZ-negative littermate, on Day 12 of gestation (regular pregnancy). (D) Tg-143 conceptus with
LacZ-positive yolk sac and weakly LacZ-positive placenta, on Day 9 of gestation (regular pregnancy). (E) LacZ-negative embryo developing
from a P } 4nTg-143 chimera and its extraembryonic tissues containing LacZ-positive cells, on Day 12 of development. (F) Pattern of
Igf2 gene expression on Day 9 of development. The embryos on the left are portions of parthenogenetic embryos developing in P } 4nGpi-
1a/a chimeras that show no detectable Igf2 gene expression. The embryo on the right is a fertilized embryo from a B6CBAF1 1 B6CBAF1
mating that shows a high level of Igf2 gene expression. Magni®cation: 115.5.
FIG. 3. Abnormalities of parthenogenetic } tetraploid embryo chimeras on Day 12 of development. (A) Whole mount of parthenogenetic
} tetraploid chimera showing balloon-like allantois (arrow). This embryo is underdeveloped and had not turned. It was dehydrated and
embedded in Polaron glycol methacrylate embedding medium. (B) Section of chimera showing failure of fusion between allantois (arrow)
and chorion as in A. (C) Section of tetraploid-derived trophoblast (t) and yolk sac endoderm (e) showing normal morphology. (D) Section
of zygote-derived diploid } tetraploid chimera showing chorioallantoic fusion zone (arrow). (E) Heart of parthenogenetic embryo proper;
arrow indicates myocardium. (F) Heart of fertilized embryo proper; arrow indicates myocardium. Magni®cations: A, 144; B, 149; C, 1194;
D, 1243; E, 1194; F, 1116.
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(Fig. 1F). In situ hybridization with sense RNA was negative
for both fertilized and parthenogenetic embryos.
DISCUSSION
Recent studies have demonstrated the utility of tetraploid
mouse embryos in providing the extraembryonic lineages
FIG. 2. Distribution of somite numbers on Day 12 of develop-
ment. Somite numbers in a random subset of embryos developing
from fertilized embryos from B6CBAF1 1 B6CBAF1 mating (black
bars) and those in parthenogenetic embryos developing from P }
4n chimeras (white bars).
embryos implanted at an ef®ciency similar to that of P }
4n chimeras (Table 3). 4nGpi-1a/a doublets implanted more
ef®ciently than did single Gpi-1a/a embryos, but this differ-
ence was not seen with 4nTg-143 embryos. Only 3 of 34
decidua formed by 4nGpi-1a/a doublets contained Class I
embryos, 2 overtly normal and 1 abnormal in their gross
morphology, a signi®cantly lower frequency of successful
development of the embryo proper than in P } 4n chimeras
(P £ 0.001 and P £ 0.01 for 2 1 4nGpi-1a/a vs 1:1 chimera
and vs 1:2 chimeras, respectively; x2 test).
Postimplantation Development of Fertilized
Control Embryos (F and F } F) and Chimeras
(F } 4n and F } 4nP)
In general, fertilized embryos proper developed best in
pure fertilized concepti (Table 4), and aggregating fertilized
embryos with 4n embryos led to the formation of some
Class I embryos and empty yolk sacs. Aggregating fertil-
ized embryos with 4nP embryos failed to support develop-
ment of fertilized embryos proper.
FIG. 4. Relative contribution of parthenogenetic and tetraploid
embryos to the embryo proper and yolk sac. Chimeras [P } 4nGpi-
Expression of Igf2 1a/a (1:1)] in two series of experiments were assayed for GPI isozyme
composition on Day 12 of development, as described under Materi-We compared the expression of an imprinted gene, Igf2,
als and Methods. All embryos assayed were Class I embryos. Par-
in parthenogenetic embryos proper developing in chimeras thenogenetic embryo contribution (GPI-1B, black portion of bars);
with that in fertilized embryos, using whole-mount in situ 4n embryo contribution (GPI-1A, white portion of bars). ``Missing''
hybridization. Fertilized embryos showed high levels of Igf2 indicates the absence of the embryo proper from the conceptus,
expression, whereas expression of the maternal Igf2 allele and ``Lost'' indicates the loss of embryos during handling. N.D.,
not determined.was not detectable in embryos proper in P } 4n chimeras
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TABLE 3
Postimplantation Development of Tetraploid Embryos and Their Aggregates (Days 12±15)
Day of Embryos Class I Class I Empty
development Combination transferred Decidua embryos embryos yolk sacs
12 4nGpi-1a/a 34 11 0 0 2
4nGpi/1a/a (12) 56 34* 3 4 15
4nTg-143 28 19 0 13 1
4nTg-143 (12) 68 40 0 6 25
13 4nGpi-1a/a (12) 16 7 0 0 0
14 4nGpi-1a/a (12) 20 4 0 0 0
15 4nTg-143 (12) 17 9 0 0 0
* Signi®cantly different from 4nGpi-1a/a (P £ 0.01, x2 test).
of chimeras with diploid embryonic stem (ES) cells (Nagy bertson, 1983; Varmuza et al., 1993; Sturm et al., 1994).
et al., 1990, 1993) and homozygous mutant diploid embryos The rescue of parthenogenetic embryos was attempted pre-
(Guillemot et al., 1994). In view of the severe perturbation viously: Barton et al. (1985), using reconstituted blastocysts,
of trophectoderm and primitive endoderm differentiation in demonstrated that inner cell masses (ICMs) lacking a pater-
pure parthenogenetic concepti (Varmuza et al., 1993; Sturm nal genome can develop up to the 40-somite stage if com-
et al., 1994), we attempted to rescue diploid parthenogen- bined with a normal trophectoderm vesicle. Gardner et al.
ones with tetraploid, zygote-derived tissues. Our expecta- (1990) obtained similar results by combining the primitive
tion of improved parthenogenetic development was based ectoderm from parthenogenetic embryos with primitive en-
on the preferential contribution of parthenogenetic cells to doderm and a trophectoderm vesicle from fertilized em-
the embryo proper (Nagy et al., 1987; Clarke et al., 1988; bryos. In their small sample of developing chimeras, Gard-
Paldi et al., 1989; Fundele et al., 1989, 1990; Thomson and ner et al. (1990) observed development to the 7- to 44-somite
Solter, 1989) and of tetraploid cells to the extraembryonic stages.
tissues (Nagy et al., 1990, 1993) in previous chimera studies. In the present study we similarly provided parthenoge-
This combination of embryonic tissues should also address netic embryos with fertilization-derived trophectoderm and
the role of extraembryonic mesoderm in parthenogenetic primitive endoderm tissues, but achieved this instead by
failure, because this tissue is derived from the ES cell com- aggregating a parthenogenetic embryo with one or two fer-
ponent in ES } 4n chimeras (Nagy et al., 1990, 1993). Our tilization-derived 4n embryos. This method is much less
previous work (Lawson et al., 1991) shows that extraembry- laborious than the microsurgical technique used in previous
onic mesoderm originates from the posterior-proximal studies (Barton et al., 1985; Gardner et al., 1990), and thus
zones of epiblast during gastrulation in the mouse.
it was possible to generate a larger number of chimeras with
Parthenogenetic embryos display a spectrum of pheno-
relative ease. We found that development of parthenoge-
types, and most die without undergoing gastrulation, before
netic embryos proper was signi®cantly enhanced in P } 4nreaching mid-gestation stages (Kaufman et al., 1977; Cuth-
chimeras, compared with that of parthenogenetic embryos
developing by themselves, so that most parthenogenetic
embryos now underwent gastrulation and further axial and
TABLE 4 organ development. These results show that 4n fertilized
embryo-derived extraembryonic tissues have a positive ef-Postimplantation Development of Diploid Fertilized Embryos
and Their Chimeras (Day 12) fect on the development of parthenogenetic embryos proper.
However, the parthenogenetic embryos proper in the chi-
Embryos Class I Class I Empty
meras, most of which were well formed, did not surviveCombination transferred Decidua embryos embryos yolk sacs
beyond Day 12 of development after egg activation. This
F 81 46 35 0 0 developmental failure cannot be attributed to a failure of
F } F 15 5 5 0 0
the tetraploid components, because tetraploid embryos ofF } 4nGpi-1a/a(1:1) 12 10 7 0 0
the same mouse strains used here have successfully rescuedF } 4nGpi-1a/a(1:2) 20 11 5 3 1
F } 4nTg-143 (1:1) 50 37 17 7 6 the development of diploid ES cells and of homozygous
F } 4nTg-143 (1:2) 19 9 7 0 1 Mash-2 embryos to full-term development (Nagy et al.,
F(CD-1) } 4nP (1:1) 43 23 0 0 0
1990, 1993; Guillemot et al., 1994). Thus, the abrupt mid-
gestational death of parthenogenetic concepti appears to beNote. F, fertilized embryos from B6CBAF1 1 B6CBAF1 matings;
F(CD-1), fertilized embryos from CD-1 1 CD-1 matings. caused by developmental failure of the remaining partheno-
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genone-derived tissues, namely, the embryo proper and the abnormality in embryos homozygous for a targeted muta-
tion in DNA methyltransferase that had been derived fromextraembryonic mesoderm.
A major question is why parthenogenetic embryos proper ES cells that produced about one-third the methyltransfer-
ase of wild-type cells. Strikingly similar phenotypes werein P } 4n chimeras die abruptly at mid-gestation, despite
the presence of morphologically and functionally normal also observed by Yang et al. (1995) and by Gurtner et al.
(1995), who generated null mutations in the a4 integrin andtrophectoderm and primitive endoderm tissues. By examin-
ing sections of parthenogenetic embryos proper, we found VCAM-1 genes, respectively. Most homozygous a4 integrin
and VCAM-1 null embryos were defective in chorioallan-abnormalities in the heart, the principal embryonic organ
that would be essential for survival. These could re¯ect toic fusion, forming a ball-shaped allantois and dying by
12.5 days of gestation. The few a4 null or VCAM-1 nullthe retarded development of the parthenogenetic embryos.
However, embryos with severe myocardial abnormalities embryos with chorioallantoic fusion showed later defects
in heart development (Gurtner et al., 1995; Yang et al.,can survive until Day 16 of mouse development (Moens et
al., 1993; Kastner et al., 1994). Therefore, the parthenote 1995). In sum, failure of chorioallantoic fusion constitutes
a syndrome of mid-gestation lethality that is the commonlethality at mid-gestation stages does not appear to be
caused solely by abnormalities of the embryonic heart. denominator of several developmental perturbations (Cross
et al., 1994), now seen to include parthenogenesis.Based on our morphological ®ndings of robust axial struc-
tures and relatively normal embryonic organ development, Genomic imprinting of the parental alleles of certain
genes appears to be critical for gene dosage and to criticallywe propose that the mid-gestation death of parthenogenetic
embryos proper developing in P } 4n concepti is due to the in¯uence cell proliferation and differentiation in developing
embryos (reviewed by Surani, 1991; Pedersen et al., 1993;failure of the abnormal parthenogenetic allantois to fuse
properly with the developmentally normal tetraploid Bartolomei, 1994). In the present study Igf2 was stably im-
printed and not detectably expressed in the parthenogeneticchorion. In the most extreme cases, the allantois entirely
failed to fuse and instead became a swollen, balloon-like embryo proper of chimeras at Day 9 of development. This
indicates that imprinting in embryonic tissues is not af-structure. Even those P } 4n chimeras that underwent some
degree of chorioallantoic fusion, however, had poor placen- fected by the genotype of extraembryonic tissues. The par-
thenogenetic phenotype in the chimeras generated here,tal development, indicating that they had additional defects
in this process. Late and less robust fusion of allantois to however, does not appear to be explained by any known
effects of imprinted genes acting singly. It is possible thatchorionic plate may fail to provide the correct stimulus for
proper development of labyrinthine tissues. Another possi- the death of parthenogenetic embryos is caused by yet un-
discovered imprinted genes or by the combined effects ofbility is that the epiblast contribution may be defective
either in its cellular contribution or in an essential induc- two or more imprinted genes. The further search for im-
printed genes and the study of their interactions may clarifytive interaction. In preliminary studies, we found that ge-
netically marked zygote-derived allantois transplanted as the cause of the failure of parthenogenetic allantois to fuse
with chorion during placentation.described by Downs and Gardner (1995) fused readily with
the chorion of P } 4n chimeras when cultured for 48 hr at In conclusion, providing diploid, parthenogenetic em-
bryos with zygote-derived trophoblast and primitive endo-the late gastrula stage (unpublished observations). These
results also implicate the parthenogenetic allantois, rather derm tissues improves their axial development but does
not prevent their mid-gestation death. We propose that thisthan the 4n chorion, in the failure of chorioallantoic fusion
in the chimeric concepti. This fusion event occurs in nor- lethality is due to defective chorioallantoic fusion in the P
} 4n chimeras, although we cannot exclude heart defectsmally developing embryos by the sixth somite stage and
is governed principally by the proper timing of allantoic as a contributing cause. The similarities between this par-
thenogenetic phenotype and other lethal perturbations thatdevelopment (Downs and Gardner, 1995). At mid gestation
the chorioallantoic placenta supplants the yolk sac as the interfere with chorioallantoic fusion emphasize the impor-
tance of the extraembryonic mesoderm during in vivo devel-primary source of maternal nutrients and as an organ for
removal of metabolic waste products (Yang et al., 1995; opment of mouse embryos. Our results further reveal that
extraembryonic mesoderm development is affected by geno-reviewed by Cross et al., 1994). Without a functional vascu-
lar connection between the placenta and the embryo proper, mic imprinting. Indeed, these observations raise the intrigu-
ing question of whether parthenogenesis would necessarilyfurther development to fetal stages does not occur and the
death of the conceptus is inevitable. Furthermore, heart de- be lethal to mouse embryonic development if normal extra-
embryonic mesoderm cells were also provided in a chimerafects could occur secondary to such chorioallantoic abnor-
malities (Kastner et al., 1994). with zygote-derived tetraploid trophectoderm and primitive
endoderm tissues. In view of the extensive contributions ofThe balloon-like structures protruding from near the cau-
dal end of parthenogenetic embryos observed in the present parthenogenetic cells to most tissues in combination with
normal diploid embryos (Nagy et al., 1989; Fundele et al.,study have been reported earlier by ourselves and others
(Mann and Lovell-Badge, 1988; Gardner et al., 1990; Sturm 1989), parthenogenetic embryos proper in such chimeras
might be capable of surviving to term.et al., 1994). Li et al. (1992) also observed a similar allantoic
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